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PILOT EVALUATION OF DYNAMIC STABTLITY CHARACTERISTICS 

OF A SUPERSONIC TRANSPORT IN CRUISING FLIGHT 

USING A FIXED-BASE SIMULATOR 

By Milton D. McLaughlin and James B. Whitten 
Langley Research Center 

SUMMARY 

An investigation was made of the pilot's ability to control a simulated 
supersonfc transport at a Mach number of 3 and an altitude of 70,000 feet, with 
emphasis on regions of low stability and damping characteristics. The fixed- 
base simulator employed no outside visual or motion cues and no outside disturb- 
ances. Routine tasks such as maintaining constant altitude, changing altitude, 
and changing heading were performed. Desirable stick forces and sensitfvities 
were also determined. The investigation was divided into two parts: studies 
of the longitudinal stability characteristics and of the lateral-directional 
characteristics. In investigating one mode the stability and damping of the 
other mode was increased to a "satisfactory" level. 
to give more favorable ratings than would be obtained with no improved stability 
or damping about any axis. 

This procedure should tend 

Pilot's ratings of the longitudinal stability and control characteristics 
were generally "acceptable" (pilot rating of 4) for configurations having short- 
period frequencies of 0.13 to 0.37 cps, damping ratios of 0.06 to 0.36, and 
compatible control characteristics. Pilots preferred longitudinal stick sensi- 
tivities of 0.1 to 0.2g/in. stick deflection and stick-force gradients of 
approximately 20 to 40 lb/g normal acceleration. 

Configurations having roll time constants up to about 4.7 seconds were 
acceptable, provided good aileron Characteristics were established. However, a 
decrease in roll time constant from 4.7 sec to 1.8 or 1.4 sec was highly bene- 
ficial in improving roll control. The optimum level of aileron-control power 
gradient ( radians/seo2/radian) for supersonic transport configurations with 
improved roll damping was similar to that of a present-day turbojet transport 
in the cruise condition. 

INTRODUCTION 

The flying qualities of a basic (unaugmented) supersonic transport (SST) in 
the cruise mode will tend to be marginal. Damping will be low as a result of 
the low air densities and the slender configuration. Three-axis stability 



augmentation will no doubt be needed to provide satisfactory flight character- 
istics. In the event of augmentation failure, however, the pilot must be able 
to control the unaugmented configuration if completion of the flight is to be 
expected. Previous investigations have been made to define minimal stability 
and control levels. Some of these investigations, most of which were not for 
the SST configuration, tend to define critical areas and methods of investiga- 
tion. The results of reference 1 point to characteristics which affect pilot 
opinion in an evaluation of the longitudinal short-period and lateral-directional 
modes. References 2, 3, and 4 define some desired levels of roll response, lat- 
eral control power, and cross-coupling parameters. Studies in reference 3 give 
a method of defining minimum acceptable stability parameters and also present 
some "acceptable" and ''satisfactory'' values of short-period and lateral- 
directional characteristics for an SST in cruise flight. 
much data covering the area of minimum stability, the ratings tend to vary 
depending upon the characteristics of the particular investigation. 
instance is shown in the results of references 1 and 6 where the more demanding 
task of reference 6 resulted in poorer ratings for the minimum stability region 
of the short-period mode. 
control are very hard to define, especially in the absence of outside forcing 
functions, and that results are best obtained by simulating the actual 
conditions. 

Although there are 

Such an 

Reference 7 points out that minimum boundaries of 

The present investigation is an attempt to help define the problems con- 

In order to investigate 
nected with supersonic cruising flight at high altitudes and to obtain pilot 
ratings for conditions of low stability and damping. 
the configuration it was first necessary to establish a good control system. 
The investigation was divided into two parts: 
bility characteristics and the lateral-directional characteristics. 
gating one mode, the stability and damping of the other mode was increased to 
a "satisfactory" level. 
altitude of 70,000 feet. 
junction with an analog computer. 
rating was used to evaluate the configuration. 
problems, such as turns onto headings, straight and level flight, and changes 
in altitude. The pilot's ratings were in accordance with the Cooper scale of 
ratings (ref. 8 ) .  

studies of the longitudinal sta- 
In investi- 

Conditions simulated were Mach 3 cruising flight at an 
A fixed-base cockpit was used in the tests in con- 

The pilot was given a task to do and his 
The tasks were routine control 
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change in yawing-moment 
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a(Pb/W 

change in yawing-moment 
&n 

a( rb/2V) 

coefficient due to rolling velocity, 

coefficient due to yawing velocity, 

static directional-stability derivative, &n per radian 

yawing-moment variation with aileron deflection, -, &n per radian 
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~ 11 yaw-control power derivative, -, 

as, 

side-force coefficient, Side force 

per radian 

&Y 
aP 

side-force derivative, -, per radian 

*Y - 
asr 

side-force variation with rudder deflection, 

acceleration due to gravity, 32.2 ft/sec 2 

moment of inertia about airplane X-, Y-, and Z-axis, respectively, 
2 slug-ft 

Mach number 

normal acceleration, g units 

rolling velocity, radians/sec 

pitching velocity, radians/sec 

dynamic pressure, lb/sq ft 

yawing velocity, radians/sec 

wing area, sq ft 

roll time constant, sec 

velocity, ft/sec 

airplane gross weight, lb 
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Y lateral coordinate, ft 

P 

'a 

'e 

'P 

6, 

f 

fd 

cp 

"n 

angle of attack, radians 

time rate of change of angle of attack, radians/sec 

sideslip angle, radians or deg 

total aileron deflection, positive for right aileron trailing edge 
down, radians 

elevator deflection, positive for trailing edge down, radians 

longitudinal deflection at control wheel, in. 

rudder deflection, positive for trailing edge left, radians 

longitudinal short-period damping ratio 

damping ratio of the Dutch roll oscillation 

angle of roll, radians or deg 

undamped natural frequency of the Dutch roll oscillation 

undamped natural frequency appearing in the numerator of the cp/6, 
transfer function 

undamped longitudinal short-period frequency 

DESCRIPTION OF SIMULATOR 

The simulator consisted of a fixed-base cockpit and an analog computer. A 
photograph of the cockpit is shown as figure 1. The cockpit had a conventional 
control system which consisted of a center yoke, rudder pedals, and a throttle 
(quadrant). 
instrument displays. The instrument panel included standard aircraft-type 
instruments, such as a two-axis attitude gyro and other dial-type indicators 
for course or course error, indicated airspeed, Mach number, normal acceleration, 
altitude, rate of climb, angle of attack, and thrust. The control motions, 
representing inputs to the elevators, ailerons, orudder, and engines, were con- 
verted to electrical signals that were fed to the analog computer which was 
programed for six-degree-of-freedom body-axis equations and characteristics of 
supersonic transport configurations for the cruise condition at a Mach number 
of 3.0. Information f r o m  the resulting computed aircraft motions or maneuvers 
were then fed back to the cockpit and displayed on the instrument, panel. 
addition to providing information for the pilot, the following parameters were 

The pilot was presented with no visual or motion cues other than 

In 
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recorded for further analysis: angle of attack; sideslip angle; elevator, aile- 
ron, and rudder control positions; roll, pitch, and yaw rates; Mach number; alti- 
tude; heading; bank angle; and normal acceleration. 

Some of the control-system characteristics are illustrated in figure 2 and 
table I. Shown plotted in figure 2 is the variation with stick deflection of the 
stick force and the voltage which is fed to the computer. Since the stick was 
linked directly to a potentiometer, there was no hysteresis or backlash and the 
voltage gradient was constant. This was also typical of the other controls. The 
stick force was approximately linear with deflection with a small breakout force 
and a friction band of less than 2 pounds. The control tended to center within 
kO.1 inch. 
16 pounds per inch. Simulated variations in levels of control power were accom- 
plished by varying the voltage gradient from the pilot's controls to the analog. 

The longitudinal stick-force gradient could be varied from 2 to 

? 

. 

c 
I L L 
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01 

Forward St i ck  def lec t ion ,  i n .  Back 

.- 

L-62-8736 
Figure 1.- Simulator fixed-base cockpit 

showing instrument panel, t h r o t t l e  quad- 
rant, and elevator, ai leron, and rudder 
controls. 

TABLE I.- COCKPIT C0NTROIrSYSl'E-l CHARACTERISTICS 

Control systen 

Longitudinal 

Laterel  
(wheel) 

Direct ional  

6 

Range 
- 
in. f0nfai-l 
10 in. back 

is50 

+4 in .  

lreakout 
force, 
lb 

2 

2 

0 

Force 
gradient 

Constant 

Constant 

Constant 

Damping 

0.7 
: r l t i ca l  

None 

None 

Max. force 
lb 

20 t o  160 

30 

150 

Push 

S t i ck  
fo rce ,  

li 

20':c 0 

" I 4 8 
Forward St i ck  de f l ec t ion ,  i n .  Pack 

Figure 2.- Variation of s ignal  voltage and con- 
t r o l  force with control deflection. 



TESTS 

Range of Configuration Characteristics 

The basic (unaugmented) simulated airplane characteristics are presented in 
table 11. These characteristics were obtained from analytical results and wind- 
tunnel tests of a variable-sweep-wing configuration. For the present investiga- 
tion pertinent basic characteristics were varied to give a change in desired 
simulated dynamic characteristics. Some of the dynamic characteristics are pre- 
sented in table 111. The longitudinal short-period frequency and damping ratio 
for the basic configuration were 0.37 cps and 0.06, respectively. In the longi- 
tudinal investigation the short-period frequency was varied from 0.37 to 0.13 cps 
by assumfng decreased values of the static longitudinal stability derivative Cma. 
Values of damping in pitch C, were generally increased from the basic value to 
obtain damping ratios of 0.06 to 0.36, as noted in table 111. Also, for the 
longitudinal investigation, values of damping in roll CZp and values of damping 

in yaw Cnr were increased to give the roll time constant TR of 1.00 and Dutch 
roll damping ratio (d of 0.27 (table 111). 

9 

For the lateral-directional investigation, the losgitudinal frequency was 
decreased to 0.31 cps by decreasing the value of 
damping ratio 5 was increased to 0.43 by increasing the value of C 

of aileron control sensitivity were investigated, and values of aileron yawing 
moment per aileron rolling moment were investigated for the basic lateral- 

C,, and the longitudinal 
Values ms' 

directional configuration and for 
configurations with improved roll 
and yaw damping. For the basic con- 

TABLE 11.- CBARACTWISTICS OF BASIC (UFuurWRi'ITD) SIMULUZZ 

W, l b . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 W , W  
s , ~ q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4,040 figuration, the roll time constant 
b,ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76.8 
:,ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62.73 was 4.7 sec and the Dutch roll 
C& . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cke 1.55 damping ratio was 0.06 of critical. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -o.25 Increasing the basic value of C nr 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.375 

Cmge 

cm, . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
cq . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cq . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ClP . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Clga . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
cl,  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c,, . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
%, dug-& . . . . . . . . . . . . . . . . . . . . . . . .  
Ir, Slug4t2 . . . . . . . . . . . . . . . . . . . . . . . .  
k, slug-& . . . . . . . . . . . . . . . . . . . . . . . .  
Cna . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . .  -0. % 

. . .  -1.04 

. . .  0.30 

. . .  -0.125 

. . .  -0.oll 

. . .  0.102 

. . .  -0.o862 

. . .  l,ooo,Ow 

. . .  lO,oOo,ooo 

. . .  ll,oOo,oOo 

. . .  0.075 

by a factor of 5 reduced the roll 
time constant to 2.9 sec and 
increased the Dutch roll damping 
ratio to 0.12 of critical. (See 
table 111.) Increasing the basic 
value of 
reduced the roll time constant to 
1.8 sec and increased the Dutch roll 

by a factor of 3 
c2P 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cp .  -0.453 damping ratio to 0.15 of critical. 
Increasing both Cn, and C2 the 

Cngr P 
cn4 -0.w92 specified amounts resulted in a roll 

time constant of 1.4 sec and Dutch CYB -0.347 

roll damping ratio of 0.22 of criti- cD,o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0082 

cRL2 o.585 cal. For these changes in Cn, and 
- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.252 CzP, the value of Dutch roll ac, 
ac, 

Cnp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.014 

-0.028 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cyhr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.042 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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TABLE 111. - CONFIGURATION DYNAMIC CHARACTERISTICS 

Configuration 

Basic 
(unaugmented) 

Longitudinal 

Lateral- 
directional 

Short-period mode 

Frequency, 
'unJ cPs 

0.37 

* 37 - 37 
31 - 31 

.26 

.26 

.26 

.26 
* 13 - 13 
* 13 
* 13 

- 31 - 31 
.31  
* 31 

Damping 
ratio, 

r; 

0.06 

.06 

.11 

.14 

.22 

.08 
-17 
.26 
* 36 
.08 
.16 
.26 
.36 

.43 
43 - 43 

* 43 

Dutch r o l l  mode 

Frequency, 
u-d3 cPs 

0.25 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.24 

.25 - 25 

.24 

.24 
__._ 

~ 

Damping 
ratio, 

[a 
~~~ .~~ 

0.06 

27 
.27 
.27 
.27 
.27 
.27 
.27 
.27 
.27 
27 

* 27 
* 27 

.06 

.I2 - 15 

.22 

Roll-sideslip 
ratio, 

d l 3  

6.36 

6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 
6.36 

6.36 
6.36 
6.36 
6.36 

R o l l  mode 

Time constant, 
T R ~  sec 

4.7 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

4.7 
2.9 
1.8 
1.4 

frequency was approximately 0.25 cps. 
the aileron rolling moment per radian wheel deflection was varied while keeping 
constant the ratio of aileron yawing moment to rolling moment. 
yawing-moment investigation, the ratio of aileron yawing moment to aileron 
rolling moment was varied from approximately -1 to 3.4. 

To investigate roll-control sensitivity 

In the aileron 

In the lateral-di-rectional investigation, Dutch roll characteristics were 
not a primary variable; the results of reference 6 indicated that improving the 
yaw damping would place the Dutch r o l l  characteristics in the satisfactory 
range. The basic value of roll-sideslip ratio of 6.36 was used throughout the 
evaluation. According to reference 9, the basic value of roll-sideslip ratio 
was tolerable for the basic value of Dutch roll damping ratio and satisfactory 
when Dutch roll damping was increased. 

Longitudinal Control Sensitivity 

The procedure used in the tests was to make a series of mns with various 
control sensitivities for each configuration of stability and damping in an 
effort to determine a satisfactory value of control sensitivity for the config- 
urations being rated. Control sensitivity was varied to result in values of 

8 



normal acceleration per inch stick deflection 
0.8, although not all values were used for each configuration. 
runs were made with a constant force gradient of 4 lb/in. stick deflection. 
Holding the force gradient constant (4 lb/in.) for various levels of control 
power resulted in varying values of force per g from 5 to 80 lb/g. 
runs were made varying control sensitivity and holding a constant force per g 
of 40 lb/g. 

nZ/8p of 0.05, 0.1, 0.2, 0.4, and 
The majority Of 

Some later 

Tasks for Configuration Evaluation 

Separate tasks were set up for pilot evaluation of the controllability of 
the longitudinal and lateral-directional modes. In both modes, a cruise condi- 
tion was set up for a Mach number of 3.0  at an altitude of 7O,OOO feet. 
evaluation of the longitudinal mode, the task consisted of a l5O turn, 1 minute 
of straight and level flight, and a descent of 5,000 feet followed by another 
minute of straight and level flight. In the tasks for a lateral control evalua- 
tion, an initial heading error was introduced. This error required the pilot to 
maneuver the airplane laterally to intercept and establish the airplane on the 
desired course radial. Once this was accomplished, the pilot continued on 
course straight and level for several minutes to complete the run. 
and level flights, the pilot was to hold a specified altitude and Mach number. 
During the tests, the pilot attempted to operate the simulator with a mini” 
of normal and lateral acceleration as would be desirable in a transport airplane 

For the 

In all turns 

with passengers aboard. 
presented in table IY. 

N o r m a l  
operation 

Fiuergency 
operation 

No operation 

Adjective 
rating 

Satisfactory 

lnsatisfactory 

Unacceptable 

Catastrophic 

The configurations were rated according to- the system 

TABLE IT.- PIU)T OPINION RATING SYSTEM 

Numerical 
rating 

1 
2 
3 

4 

5 
6 

7 

8 
9 

10 

Description 

Excellent, includes optimum 
Good, pleasant to fly 
Satisfactory, but with some mildly 
unpleasant characteristics 

Acceptable, but with unpleasant 

Unacceptable for normal operation 
Acceptable for emergency condition 

characteristics 

only 

Unacceptable even for emergency 

Unacceptable - dangerous 
Unacceptable - uncontrollable 

Motions possibly violent enough to 

condition 

prevent pilot escape 

Primary 
mission 

accomplished 

Yes 
Yes 
Yes 

Yes 

Doubtful 
Doubtful 

NO 

No 
No 

NO 

Can be 
landed 

Yes 
Yes 
Yes 

Yes 

Yes 
Yes 

Doubtful 

No 
No 

No 

9 



Pilots Used in Evaluation 

For most of the configurations, two pilots rated each configuration. For 
a small number of configurations three pilots rated each configuration, and for 
a small number of configurations only one pilot rating was obtained. The pilots 
are experienced test pilots with experience in hadling-qualities evaluation of 
fi@;hters and transports and in simulation work. Two pilots have 12 to 15 years 
of flight-test experience each and the third pilot has approximately 5 years. 

RESULTS AND DISCUSSION 

Longitudinal Mode 

Control sensitivity.- Some typical pilots' evaluations of several configu- 
rations are shown in figure 3 in which pilot's rating is plotted against the 
stick sensitivity parameter nZ/6p for a constant force gradient of 4 lb/in. 
stick deflection. Optimum control sensitivities which are minimum pilot ratings 
are indicated for most of the configurations shown. Variations in the rating 
are evident between pilots and also for a given pilot on repeated tests. The 
variations are within about fl numerical rating from the average. 
tions in rating are expected. 

These varia- 

w = 0.31 cps P i l o t  

5 = .22 

O A  (O = 0.37 CPS 
n~ -- 
o c  --- -- 

Figure 3.- Sample p i l o t  evaluations as a function of  longitudinal s t i c k  sensi- 
t i v i t  i e s  n,/Sp f o r  configurations of short-period frequency and damping. 

10 



Figure 4.- Average pilot ratings as a function of longitudinal stick sensitivities 
n,/6p for specific configurations of short-period frequency and damping. 

The average of all the pilots' ratings is presented in figure 4 for the var- 
The averages are for two or more ious stability-augmented configurations tested. 

pilots for most of the configurations. 
0.13 cps, a range of damping ratios 5 from 0.08 to 0.36 was studied. At the 
higher frequencies, 
ratios was checked. Although the results are incomplete, a preferred control 
sensitivity region is shown for most of the configurations in the figure. 
preferred control sensitivity region occurs generally at values of n,/6p 
0.1 to 0.2g/in. and has a pilot rating of 3 to 4 which borders on the 
unsatisfactory. 

At the lower frequencies, cu, = 0.26 and 

w, = 0.31 and 0.37 cps, only the effect of the lower damping 

This 
from 

There is also indicated in the figure that preferred control sensitivity 
increases with increase in configuration damping as would be expected. 
effect of control sensitivity on pilot performance is best illustrated by the 
time histories of quantities recorded during two runs presented in figure 5. 
runs illustrate typical piloting tasks consisting of a turn, straight and level 
flight, descent, and straight and level flight. The configuration has a short- 
period frequency of 0.13 cps and a damping ratio of 0.16. In figure 5(a) the 
stick sensitivity was such that the pilot could obtain O.O5g normal acceleration 
per inch stick deflection, whereas in figure 5(b) the pilot could obtain 0.8g 
normal acceleration per inch. 
on the order of 4 in. rearward to 2.5 in. forward. This range of stick motion 

The 

The 

In figure 5(a) the maxi" control motion used was 

11 
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was appreciated by the pilot (pilot rating of 4) and resulted in a fairly smooth 
flight despite the low configuration damping. Maneuvering accelerations were 
0.2g or less in the turn and kO.3g in push-over and level off. 
the stick motion was small (< *1 inch) and was disliked by the pilot (pilot 
rating of 6). 
tivity and poor configuration damping resulted in oscillations and overcontrol. 
Levels of normal-acceleration disturbance were kO.7g with almost continuous 
oscillations. These levels of acceleration are sometimes possible on a fixed- 
base simulator where the pilot is concentrating on other tests. 
flight, however, kfnesthetic motion cues would have aided the pilot in obtaining 
a smoother flight even at the expense of accuracy in altitude control. 

In figure 5(b) 

The pilots commented that this combination of high stick sensi- 

In actual 

Control force.- In the rating of a control system, the forces connected with 
control deflection exert a marked influence. Initial runs were made with a con- 
stant force gradient of 4 lb/in. stick deflection. 
constant (4 lb/in. ) for various levels of control power resulted in varying val- 
ues of force per g from 5 to 80 lb/g. 
the values of force per g were 20 to 40 lb/g. 

Holding the force gradient 

For the optimum region of pilot rating, 
These values are low in accordance 

s t i c k  

Long' Fare A f t  5 : 
Noma1 

defl., 

accel., 
g units 

Pitchlig 
Ye lcc i t y  , 
radians/sec 

7 

0 

0 - 
.1 q r i E : : l +  Desce h t + ~ ~ ~ ~ ~ ~ ~ p  

-.. 

Altitude, 70'000[p. -1 - 
ft 65,000 

I I .--II_-. J 

0 40 80 120 160 200 2LO 

(a) Lmgitudinal stick sensitivity capable of 
O.O5g normal acceleration per inch stick 
deflection. 

Time, sec 

Long. 
stick 
def l . ,  

in. Fore 5 

Noma1 
accel., 
g units 

Pitching 

1 

0 

A 

Straight 
and level* 

Altitude, f t  7090009 65,000 

1 ~ .I I 
0 LO 80 120 160 200 7.40 

Time, sec 

(b) Longitudinal stick sensitivity capable of 
0.89 normal acceleration per inch stick 
deflection. 

Figure 5.- Time histories of pilot input and 
SST simulator responses for two values of 
longitudinal control sensitivity. 
70, -foot dtituaej % = 0.13 cps; f = 0.16. 

M = 3.0; 
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with Military Specification (ref. 9 )  when based on a limit load factor of 2.5 
but are of the same order of magnitude as those previously determined to be 
desirable from a flying-qualities standpoint in a large bomber-type airplane 
(ref. 10). 
structural integrity of aircraft with low limit load factors; for this type of 
aircraft, a means of load limitation other than the normal control-force gradient 
is indicated. To determine whether there was any separate effect on the pilot 
ratings of varying force per g while varying control-power gradients, some sample 
runs were made with a constant force per g of 40 lb/g. 
sponds to the upper value previously mentioned for the optimum region and 
resulted in higher stick forces per inch for the control-power gradients above 
the optimum region. 
were inconclusive. Establishing the proper control-system characteristics was 
necessary in obtaining the pilot's opthum level of performance and, hence, 
rating of the overall system. 

This low value of control-force gradient may tend to endanger the 

This force per g corre- 

The data for the low control-power gradients (below 40 lb/g) 

Configuration frequency and damping.- Pilot ratings for various configura- 
tion frequencies and damping are presented in figure 6. The ratings are the 
average ratings which were presented in figure 4 for a control sensitivity of 
0.1 g/in. 
lished. 
rating corresponding to a pilot rating of 1.5 and two "satisfactory" ratings 
corresponding to a pilot rating of 3.5. 
results of reference 5 indicate qualitative agreement for the ttsatisfactory" 
ratings. 

Pilot ratings vary from 3.4 to 4.3 with no general trend being estab- 
Presented in figure 6 are also pilot ratings from reference 5, a "good" 

The present investigation and the 

General comments.- The pilot 
required a period of adaptation with the 
supersonic transport fixed-base simula- 
tor. The adaptation period enabled the 
pilot to become familiar with the simu- 
lator and to recognize the flight prob- 
lems peculiar to the SST in cruising 
flight. 

The pilots commented on the large 
changes in rates of climb resulting f r o m  
small changes in pitch angles. At 
M = 3 a change in pitch angle of lo 
results in a rate of change of altitude 
of approximately 3,000 ft/min. This 
rate of change is over three times the 
rate of change in altitude for a change 
of lo in pitch angle experienced by a 
subsonic jet transport. This character- 
istic increased the difficulty of 
holding a specific altitude for level 
flight, as illustrated in figure 5(b). 
After the turn segment of the run, the 
pilot departed from the assigned alti- 
tude by 1,000 feet. 
that these departures did not 

It should be noted 

Symbol P i l o t  R e f .  
r a t i n g  

n 1.5 5 0 3.5 5 

04.o03.5 

0 3 . 5  0 4 . 3  

0 0 3 . 7  o a 3 . 7  0 3.5 

0 4 . 0  0 4 . 0  0 3.4 

--Test poin t  A 
P i l o t  r a t i n g  I 

4.0 

1 I 1 
.z  .4 .6 
Damping r a t i o ,  S 

Figure 6.- Average pilot ratings for var- 
ious levels of configuration frequency 
and damping for a control sensitivity 
of 0.1 @;/in. 



necessarily occur only for cases with poor pilot ratings. An examination of the 
records taken during the pilot's evaluation runs revealed that the pilot departed 
from the preassigned altitude by at least 500 feet during 80 percent of the runs. 
The pilots commented that these departures were a result of out-of-trim condi- 
tions or preoccupation with trimming, changing flight path, and so forth. The 
departures from specified flight conditions are caused, in part, by the large 
lead times necessary to change the direction of the velocity vector without 
incurring large accelerations. This factor points to the necessity of recog- 
nizing the altitude deviation quickly so that the pilot can take action as soon 
as possible. 

In fixed-base simulation, the pilot must rely on his instruments to portray 
the flight conditions and departures from flight conditions. In controlling the 
supersonic transport in cruising flight,' the pilot changed his techniques as he 
became familiar with the instruments and flight characteristics. The small 
changes in pitch attitude angles required to trim the aircraft made the attitude 
indicator practically useless for precise control. To trim the aircraft, the 
pilot frequently utilized the rate of climb indicator and the acceleration indi- 
cator because of their increased sensitivity over the attitude indicator. The 
altimeter, Mach number indicator, thrust indicator, and trim indicators were also 
used in establishing longitudinal flight conditions. Pilots' comments indicated 
that in maneuvering flight the acceleration indicator was one of the primary 
instruments used. 
indicator and then as changes in rates of climb or descent. In flight, the 
pilot would probably sense acceleration and would use the g meter in ascertaining 
values of acceleration. 

Changes in flight path were first noted on the acceleration 

Lateral-Directional Mode 

Lateral mode.- The lateral-directional investigation consisted of varying 
rolling-mode characteristics such as roll time constant, aileron control-power 
gradient, and aileron yawing moment. Various aileron control-power gradients 
and roll time constants are presented in 

little yaw disturbances, 
figure 7 for ailerons that T R  4.7 1.8  1.4 

5 ,  .O6 .15 .22 

Di 1 "+ 

The data show that configurations having 
roll time constants T~ of 4.7 sec 
are acceptable (pilot ratings of 3.5 to 
4.0). The configuration was improved 
with the reduction in roll time constant 
from 4.7 to 1.8 or 1.4. 
in roll time constant resulted in a 
reduction in attention to the rolling 
mode by the pilot and better precision 
in flying. Pilot ratings of 2 on the 
scale were obtained for 
(fig. 7). With the improvement in roll 
damping the pilot preferred an aileron 
control-power gradient of approximately 
2 radians/sec2/radian which is 
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T~ = 1.4 
Figure 7.- Effect af aileron control-power gradi- 

ent on pilot rating for aileron configurations 
giving small yaw disturbances. ((I+/%)* = 0.9. 



comparable to that for present-day transports (one propellor and one jet) in 
cruising flight. 
power gradient rather than maximum control power because of the nature of the 
control motion. 
aileron control motion rarely exceeded 10 to 20 percent of m a x i ” .  

The data of figure 7 are presented in terms of aileron control- 

It was noted that during the tasks performed by the pilot, 

Aileron cross coupling.- The various levels of aileron-induced yaw dis- 
turbances were evaluated by a parameter used in reference 3 .  This 
parameter is the ratio of the squares of the natural frequencies appearing in 
the transfer function of roll-angle response to aileron deflections. For 
(q,/~~)~ = 1, induced yaw disturbances are a minimum. For (mv/(od)2 < 1, 
induced yaw is in the adverse direction; fo r  > 1, induced yaw is in a 
proverse direction increasing with increase in value of (u+)/md)2 from 1. The 
data are presented in figure 8 for (%/md)‘ as a fUnCtiOn of (d’ 
ratings are also shown in the figure. The data are presented for values of roll 
time constant 
Only a few pilot ratings were obtained for 
to substantiate those of reference 3 .  For (d = 0.15, TR = 1.8, and 

= 0.9, satisfactory pilot ratings of 2.5 were obtained. For 

(oq)/(Dd)2 < 0.9, an unsatisfactory pilot rating of 4.5 was obtained. 

Pilot 

TR of 4.7 and 1.8 to 1.4 for two values of Dutch roll damping. 
T~ = 4.7 and these ratings tended 

-1 

0 

kr 
1 

2 

3 

’ rR = 4.7 see 

6.5 
Test point 

0 5.5 

I I 
-.l 0 01 02 

-1 

0 

Ria 
1 

2 

3 
-.l 0 01 .2 .3 

rR = 1.8 t o  1 .4  see 

Figure 8.- Aileron yaw charac te r i s t ics  (given as the squares of the na tura l  frequencies of t he  
ro l l i ng  response t o  a i le ron  input t r ans fe r  function) as a function of the  Dutch roll damping 
r a t i o  for t w o  leve ls  of roll time constant. 
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Figure 9.- Time h i s t o r i e s  of turns onto heading f o r  an airplane configuration having large aileron- 
(Turn (a) w a s  made with ai lerons and rudder i n  a con- induced yawing moment. 

ventional manner t o  control r o l l .  
(+,/u~)~ = -0.01. 

Turn (b) was  made with rudder only t o  control r o l l . )  

16 



In this region the hesitation in roll caused by the aileron-induced adverse yaw 
was objectionable to the pilots. For (9/od)2 = 0, the aileron induced enough 
sideslip when normal control techniques were used to completely counteract the 
aileron roll power. This aileron-induced sideslip resulted in a condition which 
is intolerable to the pilot (pilot ratings of 6.5 to 8). Time histories of sev- 
eral runs are presented in figure 9 in which the pilot first used the ailerons 
and rudder in a normal coordinated manner to control r o l l  (Turn (a)) and then used 
rudder only to control roll (Turn (b)). 
evident in Turn (b) where the aileron was not used and the high sideslip due to 
low was not generated. For > 1, the proverse yaw results in 
cross control by the pilot (applying rudder opposite to turn) and, hence, less 
favorable pilot ratings. 

A smoother and more precise maneuver is 

For = 2.5 and = 0.22, there was a'large variation in pilot 

For 
rating from 3.5 to 7.0 (fig. 8). 
uted to effects of aileron control power and methods of pilot evaluation. 
l o w  values of aileron control power the proverse yaw developed was small and did 
not appreciably affect the pilot's ability to accurately control roll angle. 
For large values of aileron control power the pilot tended to use larger aileron 
inputs, and proverse sideslip angles up to +2O were noted which resulted in 
excitation of a Dutch roll oscillation that was difficult for the pilot to 
control. To aid the pilot in evaluating the yaw disturbance, a sideslip meter 
was included in the instrumentation. Still the pilot could not control side- 
slip precisely but did control the roll resulting from high roll-sideslip ratios. 

These variations in pilot rating can be attrib- 

.CONCLUDING IXFWRKS 

An investigation was made of the pilot's ability to control a fixed-base 
simulated sgpersonic transport at a Mach number of 3 and an altitude of 
70,000 feet, with emphasis on regions of low stability and damping characteris- 
tics. Routine tasks such as changing heading, changing altitude, and main- 
taining constant altitude flight were used. No outside disturbances were 
employed in the investigation. The investigation was divided into two parts: 
studies of the longitudinal stability characteristics and the lateral-directional 
characteristics. 
other mode was increased to a "satisfactory" level. 
to give more favorable ratings than would be obtained with no improved stability 
or damping about any axis. 

In investigating one mode the stability and damping of the 
This procedure should tend 

Pilot ratings of the longitudinal stability and control characteristics 
were generally "acceptable" (pilot rating of 4) for configurations having short- 
period frequencies of 0.13 to 0.37 cps, damping ratios of 0.06 to 0.36, and 
compatible control characteristics. Pilots preferred longitudinal stick sensi- 
tivities of 0.1 to 0.2g/in. stick deflection and stick-force gradients of 
approximately 20 to 40 lb/g normal acceleration. 



IIIIIII I 1  I 

Configurations having roll time constants as high as 4.7 seconds were 
acceptable, provided good aileron characteristics were established. A decrease 
in roll time constant from 4.7 sec to 1.8 or 1.4 sec was highly beneficial in 
improving roll control. 
( radians/sec /radian) for supersonic transport configurations with improved 
roll damping was similar to that of a present-day turbojet transport in the 
cruise condition. Aileron-induced yaw disturbances were undesirable. 

The optimum level of aileron-control power gradient 
2 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., June 2, 1964. 

18 



REFERENCES 

1. Creer, Brent Y., Heinle, Donovan R., and Wingrove, Rodney C. : Study of 
Stability and Control Characteristics of Atmosphere-Entry Type Aircraft 
Through Use of Piloted Flight Sfmulators. Paper No. 59-129, Inst. Aero. 
Sci., Oct. 1959. 

2. Creer, Brent Y., Stewart, John D., Merrick, Robert B., and Drinkwater, 
Fred J., 111: A Pilot Opinion Study of Lateral Control Requirements for 
Fighter-Type Aircraft. NASA MEMO 1-29-59A, 1959. 

3. Vomaske, Richard F., Sadoff, Melvin, and Drinkwater, Fred J., 111: The 
Effect of Lateral-Directional Control Coupling on Pilot Control of an 
Airplane as Determined in Flight and in a Fixed-Base Flight Simulator. 
NASA TN D-1141, 1961. 

4. Harper, Robert P., Jr. : In-Flight Simulation of the Lateral-Directional 
. Handling Qualities of Entry Vehicles. WADD Tech. Rep. 61-147, U.S. Air 

Force, Nov. 1961. 

5. White, Maurice D., Vomaske, Richard F., McNeill, Walter E., and Cooper, 
George E.: A Preliminary Study of Handling-Qualities Requirements of 
Supersonic Transports in High-speed Cruising Flight Using Piloted Simu- 
18tors. NASA TN D-1888, 1963. 

6. McFadden, Norman M., Vomaske, Richard F., and Heinle, Donovan R. : Flight 
Investigation Using Variable-Stability Airplanes of Minimum Stability 
Requirements for High-speed, High-Altitude Vehicles. NASA TN D-779, 1961. 

7. McRuer, Duane T., Ashkenas, Irving L., and Guerre, C. L.: A Systems 
Analysis View of Longitudinal Flying Qualities. WADI) Tech. Rep. 60-43, 

, . 'U.S. Air Force, Jan. 1960. 

8. Cooper, George E. : Understanding and Interpreting Pilot Opinion. Aero. 
Eng. Rev., vol. 16, no. 3, Mar. 1957, pp. 47-51, 56. 

9. Anon.: Flying Qualities of Piloted Airplanes. Military Specification 
Mil-F-8785( ASG), Sept. 1, 1954; Amendment-4, Apr. 17, 1959. 

10. Mathews, Charles W., Talmage, Donald B., and Whitten, James B. : Effects on 
Longitudinal Stability and Control Characteristics of a Boeing B-59 Air- 
plane of Variations in Stick-Force and Control-Rate Characteristics 
Obtained Through Use of a Booster in the Elevator-Control System. 
Rep. 1076, 1952. (Supersedes NACA TN 2238.) 

NACA 

NASA-Langley, 1964 & 3900 



“The aeronautical and space activities of the United States shall be 
conducted so as t o  contribute . . . t o  the expansion of human knowl- 
edge of phenomena in the atmosphere and space. T h e  Administration 
shall provide for  the widest practicable and appropriate dissemiiiation 
o f  izformation concerning its actiuities and the results thereof .” 

-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC A N D  TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, o r  other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the  avai labi l i ty  o f  these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


